In Brief NLRP3 inflammasome activation contributes to chronic inflammation associated with autoinflammatory disease, yet understanding of NLRP3 inflammasome regulation is incomplete. Hughes et al. show that the deglutathionylating enzyme GSTO1-1 promotes NLRP3 inflammasome activation through deglutathionylation of NEK7. Furthermore, the GSTO1-1 inhibitor C1-27 reduces NLRP3 inflammasome activation in vitro and in vivo.
INTRODUCTION
The NLRP3 inflammasome is an intracellular pattern recognition receptor (PRR) that is activated by phagocytosed particles or agents such as ATP and mitochondrial DNA. Activation drives oligomerization with the adaptor protein apoptosis-associated speck-like protein containing a CARD (ASC), pro-caspase-1 (Martinon et al., 2002) , and the recently described inflammasome component NEK7, a serine/threonine kinase that also functions in mitosis (Shi et al., 2016b; He et al., 2016; Yissachar et al., 2006; Sharif et al., 2019) . Activation of the NLRP3 inflammasome results in processing of pro-interleukin-1 beta (pro-IL-1b) and pro-IL-18 to mature cytokines and also triggers pyroptosis in macrophages (Fink and Cookson, 2006) . These events are highly inflammatory, and as a result NLRP3 is tightly regulated post-translationally. NLRP3 phosphorylation in its pyrin domain (PYD) limits inflammasome assembly (Stutz et al., 2017) , as does ubiquitination (Juliana et al., 2012) .
Inflammatory insults can trigger oxidative dysfunction, inducing reactive oxygen species (ROS) production to trigger NLRP3 inflammasome activation (Zhou et al., 2011) . NEK7 has been recently identified as a ROS-sensing NLRP3 inflammasome component, requiring ROS for its phosphorylation and subsequent interaction with NLRP3 (Shi et al., 2016b; Groß et al., 2016) , although the precise mechanism of how ROS affects NEK7 is unknown. Further, chloride intracellular channel (CLIC) family members drive NLRP3 inflammasome activation. CLIC translocation triggers chloride and potassium (K + ) efflux, which promotes NEK7-NLRP3 interaction, events that are also dependent on mitochondrial ROS (Domingo-Ferná ndez et al., 2017; Tang et al., 2017) .
Glutathione (GSH) is the major non-protein tripeptide antioxidant present within cells and can modify target cysteines via glutathionylation and alter protein function (Hughes et al., 2017; Ullevig et al., 2016; Zhang et al., 2017) . Glutathione (legend continued on next page) transferase omega 1-1 (GSTO1-1) is a constitutively active deglutathionylating enzyme and has recently been implicated in inflammatory macrophage activation downstream of TLR4 (Menon et al., 2014 . GSTO1-1 has also been found in a complex with ASC, a key inflammasome component (Coll et al., 2011) . We therefore examined a role for GSTO1-1 in NLRP3 activation. We provide evidence for GSTO1-1 as a regulator of the NLRP3 inflammasome and identify NEK7 as a target. NEK7 must undergo deglutathionylation in order to be active. Our findings suggest that the targeting of GSTO1-1 has potential as a strategy to limit inflammation.
RESULTS
The GSTO1-1 Inhibitor C1-27 Limits NLRP3 Inflammasome Activation To examine a role for GSTO1-1 in the NLRP3 inflammasome, we used a recently described GSTO1-1 inhibitor, termed C1-27 (Ramkumar et al., 2016) . ML175, a GSTO1-1 inhibitor that had been used in previous studies, was found to be toxic on macrophages (Figures S1A and S1B). C1-27 potently inhibits GSTO1-1, with a half maximal inhibitory concentration (IC 50 ) of 44.5 nM ( Figure 1A ). C1-27 dose-dependently blocked NLRP3 inflammasome stimulation when added after lipopolysaccharide (LPS) priming and before ATP stimulation ( Figure S1C ), and a concentration of 5 mM was selected for future experiments. Following priming with LPS, C1-27 inhibited ATP-stimulated NLRP3 activation, limiting IL-1b release ( Figure 1B) , with no effect on tumor necrosis factor alpha (TNF-a) secretion ( Figure 1C ). Mature caspase-1 p20 and mature IL-1b p17 were also significantly reduced by C1-27 ( Figure 1D , supernatant panels, compare lane 7 to lane 4). C1-27 treatment of LPS-primed bone-marrow-derived macrophages (BMDMs) also limited IL-1b secretion in response to nigericin stimulation ( Figure 1E ), with no difference in TNF-a secretion ( Figure 1F ). Similar to ATP treatment, C1-27 reduced mature caspase-1 p20 and mature IL-1b p17 secretion into the supernatant ( Figure 1G , supernatant panels, compare lane 7 to lane 4). In addition, cell death mediated by nigericin-stimulated inflammasome activation was significantly reduced by C1-27 treatment ( Figure 1H ). Similar to BMDMs, C1-27 significantly inhibited the release of IL-1b from human peripheral blood mononuclear cells (PBMCs) (Figures S1D and S1E). Human PBMCs produce IL-1b upon LPS stimulation alone, but this is increased by addition of nigericin. C1-27 inhibited IL-1b release when added before LPS stimulation ( Figure S1D ) but also when added between LPS priming and nigericin stimulation ( Figure S1E ). To assess if C1-27 was affecting TLR4 signaling, we examined the phosphorylation of downstream activation markers of TLR4 action. C1-27 pre-treatment did not limit degradation of IkBa (nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor, alpha), nor did it limit phosphorylation of p38 and p65 ( Figure 1I ). We also assessed whether C1-27 treatment prior to or post LPS priming would impact pro-IL-1b production in BMDMs. C1-27 pre-treatment reduced pro-IL-1b production in BMDMs but not post-LPS treatment ( Figure 1J ). We next assessed if C1-27 could limit non-canonical inflammasome activation via transfected LPS (Kayagaki et al., 2011) . C1-27 treatment prior to LPS transfection significantly reduced IL-1b secretion ( Figure 1K ). C1-27 was unable to limit pyroptosis associated with caspase-11 activation, an event that is NLRP3 independent ( Figure 1L ), suggesting specificity toward NLRP3. We therefore next examined whether C1-27 would inhibit AIM2 or NLRC4 inflammasome activation. C1-27 pre-treatment prior to poly (dA:dT) transfection was unable to limit IL-1b secretion (Figure S2A) . C1-27 did not limit mature caspase-1 p20 or mature IL-1b p17 secretion into the supernatant ( Figure S2B , supernatant panels, compare lane 7 to lane 4). We also assessed NLRC4 inflammasome activation. LPS-primed macrophages were pretreated with C1-27 prior to Salmonella typhimurium UK-1 infection. Similar to the AIM2 inflammasome, C1-27 did not reduce IL-1b secretion in response to S. typhimurium ( Figure S2C ). Both mature caspase-1 p20 and mature IL-1b p17 release were also unaffected by C1-27 ( Figure S2D , supernatant panels, compare lane 7 to lane 4). GSTO1-1 has previously been identified as a target for cytokine release inhibitory drug (CRID) compounds (Laliberte et al., 2003) . A derivative of CRID3, termed MCC950, is a potent NLRP3 inflammasome inhibitor (Coll et al., 2015) . Due to the similarities between C1-27 and MCC950, we assessed if MCC950 could inhibit GSTO1-1 enzymatic activity. MCC950 was a poor GSTO1-1 inhibitor, with an IC 50 of 124.8 mM ( Figure S2E ). These data suggest that GSTO1-1 can regulate the NLRP3 inflammasome by canonical and non-canonical activators and is unlikely to be the target for MCC950 in the NLRP3 inflammasome.
C1-27 Reduces ASC Speck Formation
Activation of the NLRP3 inflammasome results in oligomerization of ASC through its PYD to form ASC specks (Lu et al., 2014) , an event upstream of caspase-1 activation. To gain insight into the regulation of the NLRP3 inflammasome by GSTO1-1, we assessed if C1-27 could reduce the formation of ASC oligomers. Using disuccinimidyl suberate crosslinking, LPS and ATP stimulation of BMDMs induced oligomerization of ASC, detected in the Triton X-100 insoluble fraction by immunoblotting. Treatment with C1-27 prior to ATP stimulation reduced ASC oligomerization (Figure 2A . ASC oligomerization was also assessed by confocal microscopy, whereby ASC oligomers form punctate specks (Masumoto et al., 1999; Sahillioglu et al., 2014) . BMDMs stimulated with LPS and ATP showed increased presence of ASC specks ( Figure 2B , third panel). Pre-treatment (J) Immunoblot of BMDMs treated with 5 mM C1-27 for 1 h before (lanes 1-3) or after (lanes 4-6) 4 h LPS treatment (lanes 1-3) (n = 3). (K and L) BMDMs were primed with 100 ng/mL LPS for 4 h, treated with 5 mM C1-27 for 2 h, and transfected with 1 mg/mL LPS for 16 h. Supernatant was harvested for IL-1b ELISA (K) or LDH release (L) (n = 3). Data are mean ± SEM; p values calculated using one-way ANOVA with Sidak's multiple comparisons test (**p < 0.01, ***p < 0.001).
with C1-27 reduced the level of ASC speck formation ( Figure 2B , fourth panel). These changes were quantified, demonstrating that C1-27 significantly reduced the percentage of ASC speckpositive cells ( Figure 2C ), thereby suggesting that GSTO1-1 is involved in NLRP3 inflammasome assembly.
C1-27 Is Active In Vivo and Reduces Inflammasome Activation Associated with DSS-Induced Colitis and Experimental Autoimmune Encephalomyelitis
Mice deficient in NLRP3, caspase-1, and ASC have been found to be highly sensitive to distal colon inflammation in the dextran sodium sulfate (DSS) model of inflammatory bowel disease (Allen et al., 2010; Zaki et al., 2010) . It was considered that the A C B Figure 2 . C1-27 Reduces ASC Speck Formation (A) BMDMs were primed with LPS for 3 h, incubated with 5 mM C1-27 for 45 min, and stimulated with 5 mM ATP for 45 min. Cells were lysed in lysis buffer containing Triton X-100. Triton X-100-insoluble fraction was crosslinked using disuccinimidyl suberate. Both the soluble and insoluble fractions were analyzed by immunoblot for ASC expression (n = 3). (B) Confocal microscopy analysis of ASC speck formation in BMDMs. BMDMs were plated on sterile 12-mm cover glasses and stimulated as (A). Following stimulation they were stained with rabbit anti-ASC antibody and anti-rabbit Alexa Fluor 647 and ProLong Gold antifade reagent with DAPI. Images were acquired 320 magnification (n = 4).
(C) For quantification of ASC speck-positive cells, a minimum of 11 random regions of interest for each experimental condition across four independent experiments were imaged and the number of ASC speck-positive cells were counted (n = 4). Data are mean ± SEM; p values calculated using one-way ANOVA with Sidak's multiple comparisons test (***p < 0.001).
lack of IL-18 processing led to a breakdown in the intestinal barrier, resulting in the escape of bacteria and an increase in inflammation. We have previously found that GSTO1-1-deficient mice are also susceptible to inflammation in the DSS model . We therefore next tested C1-27 in the DSS model and found that C1-27 recapitulates the decreased cytokine release observed in GSTO1-1 À/À mice. At day 8, GSTO1-1 À/À mice or mice treated with C1-27 showed a significant reduction in the levels of IL-18 in serum and in the supernatant obtained from colon slices cultured for 24 h (Figures 3A and 3B) . Similar results were obtained for IL-1b in colon culture supernatants ( Figure 3C ), but the levels of IL-1b in serum were low and not reliably detected in this study (<10 pg/mL; data not shown). To determine if 8-day treatment with C1-27 had a measurable impact on GSTO1-1 activity, we determined the level of GSTO1-1 activity in the liver with the specific substrate 4-nitrophenacyl glutathione (Board et al., 2008) (Figure 3D ). GSTO1-1 activity was absent from GSTO1-1 À/À mice and was significantly diminished in mice treated with C1-27. H&E photomicrographs from the midsegment of mouse colons from control, C1-27-treated, and GSTO1-1 À/À mice identified this region of the bowel with the most intense active inflammation ( Figure S3 ). GSTO1-1 À/À mice exposed to DSS were associated with prominent submucosal edema ( Figure S3D , blue bracket). Wild-type (WT) mice exposed to DSS were injected daily with 50 mg/kg C1-27, and they showed more submucosal edema but displayed similar levels of inflammatory cell infiltrate compared with WT mice exposed to DSS alone ( Figure S3 , compare Figure S3C to Figure S3B ). The active chronic inflammation caused thickening of the bowel in the DSS-treated mice ( Figure S3B ). Inflammation was seen in the mucosa and submucosa and variably extended through the muscularis propria ( Figures S3B-S3D ). This supports the contention that C1-27 mediates its effect on the release of IL-1b and IL-18 by modulating the activity of GSTO1-1.
We next assessed if C1-27 could limit inflammation in the NLRP3-dependent experimental autoimmune encephalomyelitis (EAE) model Jha et al., 2010) . Mice injected daily with 50 mg/kg C1-27 had significantly delayed onset of EAE and had an overall reduced clinical score ( Figure 3E ). Further, mice injected with C1-27 maintained body weight compared to vehicle controls ( Figure 3F ). These data support that C1-27 is active in vivo and limits EAE induction.
GSTO1-1 À/À Mice Have Impaired NLRP3 Inflammasome Activation We next assessed whether macrophages from GSTO1-1 À/À mice would also have impaired NLRP3 inflammasome activation. Mice were treated with azoxymethane (AOM) 7.5 mg/kg intraperitoneally (i.p.) at day À3. On day 0, DSS 2.5% was included in drinking water. C1-27 was introduced by daily i.p. injection at a dose of 50 mg/kg in 40% cyclodextrin from day À1 until day 7. Mice were sacrificed and samples collected on day 8. (A) Serum IL-18 levels (n = 5-6). (B) Colon culture supernatant IL-18 levels (n = 5-6). (C) Colon culture supernatant IL-1b levels (n = 5-6). (D) Liver GSTO1-1 activity with S-(4-nitrophenacyl) glutathione (4NPG; n = 8-12). (E) Clinical score after EAE induction of C57BL/6 mice injected daily with 40% cyclodextrin/PBS vehicle control or 50 mg/kg C1-27 (n = 7). (F) C57BL/6 mice treated in (E) were weighed daily. Percentage weight was calculated from starting weight of mice (n = 7). Data are mean ± SEM; p values calculated using Student's t test or one-way ANOVA with Sidak's multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
No difference was observed in the expression of NLRP3 inflammasome components in either unstimulated or LPStreated BMDMs compared to control mice ( Figure 4A ). GSTO1-1 deficiency was confirmed by immunoblotting ( Figure 4A , fifth panel) and RNA expression ( Figure 4B ). Peritoneal exudate cells (PECs) from GSTO1-1 À/À mice confirmed impairment of NLRP3 inflammasome activation in response to LPS and nigericin treatment, with reduced release of mature caspase-1 p20 and mature IL-1b p17 secretion into the supernatant ( Figure 4C , supernatant panels, compare lane 6 to lane 3). GSTO1-1 À/À PECs also had impaired IL-1b secretion confirmed by ELISA ( Figure 4D ). GSTO1-1 À/À BMDMs exhibited reduced NLRP3 inflammasome activation, with less mature caspase-1 p20 and mature IL-1b p17 detected in the supernatant ( Figure 4E , supernatant panels, compare lane 8 to lane 4). IL-1b secretion detected by ELISA was also significantly reduced in GSTO1-1 À/À BMDMs ( Figure 4F ). Similar to C1-27, cell death resulting from LPS and ATP stimulation was reduced in GSTO1-1 À/À BMDMs ( Figure 4G ). We established that the inhibitory effect of GSTO1-1 knockout was specific to the NLRP3 inflammasome as AIM2 inflammasome activation was unaffected in GSTO1-1 À/À BMDMs, as measured by IL-1b release ( Figure S4A ) and caspase-1 and IL-1b processing ( Figure S4B , supernatant panels, compare lane 8 to lane 4). To confirm that the effect of C1-27 is due to inhibition of GSTO1-1 during inflammasome activation, we added two concentrations of C1-27 to WT and GSTO1-1 À/À BMDMs. C1-27 significantly inhibited IL-1b release from WT BMDMs but was unable to further reduce IL-1b release from GSTO1-1 À/À BMDMs ( Figure 4H ), indicating that the effect of C1-27 was through inhibition of GSTO1-1. We also tested if endogenous knockdown of GSTO1-1 in BMDMs would recapitulate the effects of C1-27 and GSTO1-1 deficiency on NLRP3 inflammasome inhibition. Using a small interfering RNA (siRNA)-mediated approach, GSTO1-1 was efficiently knocked down in BMDMs ( Figures S4C and S4D , second panel, compare lanes 5-8 to 1-4). In response to LPS and ATP stimulation, GSTO1-1 knockdown cells had reduced mature caspase-1 p20 and mature IL-1b p17 secretion into the supernatant ( Figure S4D , supernatant panels, compare lane 8 to lane 4). Reduced IL-1b secretion was also confirmed by ELISA Figure 4 . GSTO1-1 À/À Mice Have Impaired NLRP3 Inflammasome Activation (A) Immunoblot of WT and GSTO1-1 À/À BMDMs treated with 100 ng/mL LPS for 4 h (n = 3). (B) qRT-PCR analysis of WT and GSTO1-1 À/À BMDMs primed with 100 ng/mL LPS for 4 h. Samples were reverse transcribed and control (Ct) values used for quantification relative to control RPS18 gene (n = 3). (C) Immunoblot of WT and GSTO1-1 À/À PECs primed with 100 ng/mL LPS for 3 h and stimulated with 10 mM nigericin for 45 min (n = 3). (D) ELISA of IL-1b in the supernatants from PECs treated in (C) (n = 3). (E) Immunoblot of WT and GSTO1-1 À/À BMDMs primed with 100 ng/mL LPS for 3 h and stimulated with 10 mM nigericin for 45 min (n = 3). (F) ELISA of IL-1b in the supernatants from BMDMs treated in (E) (n = 3). (G) % Cytotoxicity from WT and GSTO1-1 À/À BMDMs primed with 100 ng/mL LPS for 3 h and stimulated with 5 mM ATP for 45 min (n = 3). (H) ELISA of IL-1b in the supernatants from WT and GSTO1-1 À/À BMDMs primed with 100 ng/mL LPS for 3 h, treated with indicated doses of C1-27 for 45 min, and stimulated with 10 mM nigericin for 45 min (n = 3). Data are mean ± SEM; p values calculated using one-way ANOVA with Sidak's multiple comparisons test (*p < 0.05, **p < 0.01).
( Figure S4E ). GSTO1-1 knockdown cells exhibited normal responses to LPS, including induction of mRNA for IL-1b (Figure S4F) , NLRP3 ( Figure S4G ), or the cytokines IL-6 ( Figure S4H ) and TNF-a (Figure S4I) . Overall, the use of the GSTO1-1 inhibitor C1-27, siRNA to GSTO1-1, and GSTO1-1 À/À macrophages indicate a regulatory role for GSTO1-1 in NLRP3 inflammasome activation.
NLRP3 Inflammasome Activation Is
Augmented in the Presence of GSTO1-1 and Limited by Exogenous GSH We next assessed the functional role for GSTO1-1 during NLRP3 inflammasome activation using a standard reconstitution system in HEK293T cells (Shi et al., 2016a) . Reconstitution of the NLRP3 inflammasome in the presence of GSTO1-1 significantly increased IL-1b secretion detected by ELISA ( Figure 5A , compare histobar 3 to histobar 2). Overexpression of GSTO1-1 did not alter expression of pro-caspase-1 ( Figure 5B , top panel). A role for GSTO1-1 suggests deglutathionylation as a possible process required for NLRP3 activation. We therefore next assessed if addition of exogenous GSH could limit NLRP3 inflammasome activation in BMDMs. Using a cell-permeable ethyl-ester GSH (GSH-EE) (Anderson et al., 1985) , added after LPS priming, IL-1b secretion in response to LPS and ATP stimulation was significantly reduced ( Figure 5C ). GSH-EE dosedependently increased the levels of pro-IL-1b ( Figure 5D 
GSTO1-1 Regulates the NLRP3 Inflammasome through Deglutathionylation of NEK7 on Cysteine 253
The question arose as to how GSTO1-1 might be regulating the NLRP3 inflammasome. NEK7 has been recently identified as an NLRP3 inflammasome component, as it senses ROS to promote NEK7-NLRP3 interaction (Shi et al., 2016b) . We therefore examined if GSTO1-1 might interact with NEK7. NEK7 co-immunoprecipitated with GSTO1-1 ( Figure 6A , upper panel, compare lane 3 to lane 1). An interaction with ASC was also observed (lane 2). We were unable to detect an interaction between GSTO1-1 and NLRP3 by immunoprecipitation (data not shown). GSTO1-1 was unlikely to be regulating ASC, as ASC is utilized by the AIM2 and NLRC4 inflammasomes and C1-27 did not limit their activation. We therefore examined NEK7 as a potential GSTO1-1 target. NEK7 is highly conserved between mouse and human, with no variation in cysteine amino acid conservation ( Figure S5 , the asterisk denotes cysteine residues). Using a specific antibody that recognizes the glutathionylation-glutathione (SSG) motif, we found that NEK7 is a glutathionylated protein as detected by immunoblotting ( Figure 6B , upper panel, lane 2). We next examined if GSTO1-1 and NEK7 could interact endogenously. Using BMDMs, we identified an endogenous interaction between NEK7 and GSTO1-1 during LPS and ATP stimulation ( Figure 6C, upper panel, lane 2) . Endogenous immunoprecipitation of NEK7 from WT and GSTO1-1 À/À BMDMs and subsequent immunoblotting for GSH revealed that NEK7 was deglutathionylated upon LPS and ATP stimulation in WT BMDMs ( Figure 6D, upper panel, lane 3) . In contrast, NEK7 was still highly glutathionylated upon LPS and ATP stimulation in GSTO1 À/À BMDMs ( Figure 6D, upper panel, lane 7) , suggesting that GSTO1-1 is required for NEK7 deglutathionylation. To formally evaluate the strength of the NEK7-GSTO1-1 interaction, we performed direct binding studies using surface plasmon resonance. WT GSTO1-1 exhibited moderate binding to NEK7 with a disassociation constant (K D ) of 60 ± 4 mM. Notably, mutation of a catalytic cysteine (C32A) that enables GSTO1-1 mediated deglutathionylation resulted in a 2-fold decrease in the binding strength with a K D of 120.5 ± 0.25 mM (Figures 6E and 6F ). This suggests that C32 is involved in the interaction with NEK7, possibly modulating its functional outcome.
To examine NEK7 cysteine glutathionylation, we overexpressed hemagglutinin (HA)-tagged NEK7 in HEK293T cells and used mass spectrometry to identify GSH adducts. Tandem mass spectrometry of immunoprecipitated NEK7 identified NEK7 peptides with GSH adducts on cysteines 79 and 253 ( Figures S6A and S6B ). We next generated NEK7 cysteine to alanine mutants by site-directed mutagenesis and reconstituted the NLRP3 inflammasome using the mutants to assess pro-IL-1b processing. NEK7 mutants were adequately expressed in each condition ( Figure 6G ). IL-1b secretion was comparable between each cysteine to alanine mutant, with exception of NEK7 C253A, which significantly enhanced IL-1b processing comparable to WT NEK7 ( Figure 6H , compare histobar 2 to histobar 1). These data suggest that deglutathionylation of NEK7 on cysteine 253 might boost NEK7 function in relation to NLRP3 activation. Overall, our data point to a key role for the deglutathionylating enzyme GSTO1-1 in the regulation of the NLRP3 inflammasome, with NEK7 being a key target for deglutathionylation.
DISCUSSION
In this study, we provide evidence for GSTO1-1 as a regulator of the NLRP3 inflammasome. It has previously been reported that GSTO1-1 À/À mice produced less serum IL-1b in response to in vivo LPS treatment , possibly pointing to GSTO1-1 as an important NLRP3 regulator. In 2003, Laliberte et al. (2003) identified sulfonylurea-containing compounds termed CRIDs as potential inhibitors of IL-1b secretion. CRIDs were found to limit processing of IL-1b in human monocytes, and mice given oral CRIDs had attenuated production of IL-1b in response to LPS and ATP, with no effect on IL-6 or TNF-a. Further analysis identified GSTO1-1 as a potential CRID target by affinity labeling of GSTO1-1 with radioactive CRID1 and CRID2. We initially hypothesized that GSTO1-1 might be the target for MCC950, a derivative of Non-reducing immunoprecipitation of HEK293T cells transiently transfected with HA-NEK7 plasmid or relevant empty vector control. Immunoprecipitated samples were harvested in lysis buffer containing 50 mM N-ethylmaleimide, and immunoprecipitated complexes were eluted in sample buffer without DTT. Immunoprecipitated samples were analyzed by immunoblot (n = 3). (C) Endogenous co-immunoprecipitation of NEK7 and GSTO1-1 from primary BMDMs. BMDMs were primed with LPS for 3 h and stimulated with 5 mM ATP for 45 min. Immunoprecipitated complexes were eluted using 5X sample loading buffer (containing DTT) and analyzed by immunoblot. * denotes non-specific band (n = 3). (D) Endogenous non-reducing immunoprecipitation of NEK7 from WT and GSTO1-1 À/À BMDMs primed with 100 ng/ml LPS for 3 h and subsequently treated with 5 mM ATP for 15 min. Immunoprecipitated samples were harvested in lysis buffer containing 50 mM N-ethylmaleimide, and immunoprecipitated complexes were eluted in sample buffer without DTT. Immunoprecipitated samples were analyzed by immunoblot (n = 1). (E and F) The affinity of NEK7-GSTO1-1 WT (E) and NEK7-GSTO1-1 C32A (F) interaction was determined by surface plasmon resonance by measuring the graded concentration of GSTO1-1 (up to 300 mM). Top panel: binding of GSTO1-1 wild-type and mutant to the immobilized NEK7 presented as a response unit (RU) after subtraction from the reference flow cell. Bottom panel: saturation plot curve for the respective interactions (n = 4). (G) Immunoblot of HEK293T cells transfected with HA-NEK7 WT or HA-NEK7 cysteine to alanine mutants. Samples were analyzed by immunoblot using anti-HA antibody (n = 3). Densitometry was performed using a representative blot. (H) ELISA of IL-1b secreted into the supernatant of HEK293T cells transiently transfected with NLRP3 inflammasome components, or NEK7 cysteine to alanine mutants and stimulated with 10 mM nigericin. DNA concentration was kept constant by addition of relevant empty vector control (n = 3). Data are mean ± SEM; p values calculated using one-way ANOVA with Sidak's multiple comparisons test (***p < 0.001).
CRID2 (Coll et al., 2015) , which we previously reported to be a highly potent and selective NLRP3 inhibitor. We found that MCC950 was a poor GSTO1-1 inhibitor, with an IC 50 of 124.8 mM, compared to the more potent C1-27, which had been found in an unbiased screen of GSTO1-1 inhibitors (Ramkumar et al., 2016) and had an IC 50 of 44.5nM. We therefore concluded that MCC950 was unlikely to be targeting GSTO1-1 to regulate the NLRP3 inflammasome. However, our evidence here implicates GSTO1-1 as an NLRP3 inflammasome regulator, limiting both canonical and non-canonical inflammasome-mediated pro-IL-1b processing. Pre-treatment with C1-27 also reduced pro-IL-1b expression in LPS-stimulated BMDMs, which may be due to an additional inhibitory effect occurring independently of nuclear factor kB (NF-kB) activation. This effect was not replicated in GSTO1-1 À/À BMDMs. A previous study concerning MCC950 suggested a lack of a role for GSTO1-1 in NLRP3 activation, as GSTO1-1 knockdown in immortalized macrophages had no effect on NLRP3 activation (Primiano et al., 2016) . Our study, however, using both GSTO1-1 knockdown and knockout approaches implicate GSTO1-1 as an NLRP3 regulator. The basis for this discrepancy is not clear but may perhaps be due to the use of immortalized cells compared to primary cells.
The question arose as to how GSTO1-1 might be regulating the NLRP3 inflammasome. GSTO1-1 has a proinflammatory function in vivo, as both C1-27-treated mice and GSTO1-1 À/À mice showed decreased IL-18 and IL-1b secretion in a DSS-induced colitis model of inflammation, although histological staining actually identified increased neutrophil infiltration and inflammation. Further, C1-27 reduced ASC speck formation, suggesting that GSTO1-1 functions upstream of caspase-1 activation during inflammasome assembly. Due to the observed lack of inhibition by C1-27 during AIM2 and NLRC4 inflammasome activation, we hypothesized that GSTO1-1 was regulating NLRP3 or NEK7 in a GSH-dependent mechanism. GSTO1-1-deficient macrophages have increased cellular glutathionylation, indicating GSTO1-1 serves as a deglutathionylating enzyme (Menon and Board, 2013) . It should, however, be mentioned that cells possess multiple glutathionylation and deglutathionylation systems, such as the glutaredoxin system, and the potential that these systems are also contributing to inflammasome modulation cannot be ruled out. Despite a previous finding identifying NLRP3 as a glutathionylated protein (Guglielmo et al., 2017) , we were unable to detect glutathionylation of NLRP3 by immunoprecipitation or mass spectrometry (data not shown). NEK7 was recently identified as a ROS-sensing component of the NLRP3 inflammasome, as treatment of cells with N-acetylcysteine, a GSH precursor, inhibited NEK7-NLRP3 interaction (Shi et al., 2016b) . Similarly, we found that pre-treatment with a cellpermeable ethyl-ester form of GSH limited NLRP3 inflammasome activation. The kinase activity of NEK7 was dispensable for NLRP3 inflammasome activation, indicating that NEK7 may act as a scaffold for inflammasome activation (Shi et al., 2016b) . Supporting this finding, oridonin, an inhibitor of the NLRP3 NACHT domain on cysteine 279, was shown to block NLRP3-NEK7 interaction, preventing NLRP3 inflam-masome assembly (He et al., 2018) . Furthermore, cryo-electron microscopy revealed NEK7-NLRP3 interaction at 3.8 Å (Sharif et al., 2019) . We found that NEK7 was glutathionylated on cysteines 79 and 253 and that GSTO1-1 and NEK7 interacted by overexpression, endogenously, and by surface plasmon resonance. As NEK7 and GSTO1-1 interacted more upon inflammasome activation, NEK7 was deglutathionylated-this did not occur in GSTO1-1 À/À BMDMs, where NEK7 remained highly glutathionylated upon inflammasome activation, suggesting that the deglutathionylation was indeed GSTO1-1 dependent. A previous report showed that caspase-1 is glutathionylated, thereby limiting inflammasome activation (Meissner et al., 2008) . Our data indicate that NEK7 is also glutathionylated, which similarly limits NLRP3 inflammasome activation. Mutagenesis of C253 in NEK7 to alanine increased IL-1b processing, indicating negative regulation of NEK7 by C253 modification. Importantly, activation of the NLRP3 inflammasome was significantly enhanced in the presence of GSTO1-1 by reconstitution, implicating GSTO1-1 as a regulator of NLRP3 inflammasome activation.
Taken together, our data therefore identify GSTO1-1 as a NLRP3 inflammasome regulator acting via deglutathionylation of C253 in NEK7. Interestingly, neurological disorders, such as Alzheimer's disease, exhibit underlying oxidative imbalance. The levels of GSH decrease as we age (Liu and Choi, 2000; Saharan and Mandal, 2014) , and pathological NLRP3 activation has recently been identified as a driver of Alzheimer's disease (Heneka et al., 2013; Yin et al., 2018) . Polymorphisms in the gene encoding GSTO1-1 have been previously linked to progression of Alzheimer's disease (Li et al., 2003; Umlauf et al., 2016) . Targeting GSTO1-1 with agents such as C1-27 may have therapeutic benefits in limiting aberrant NLRP3 activation in neurological diseases such as Alzheimer's disease and multiple sclerosis (MS), indicated here from the inhibitory effect of C1-27 on EAE. Development of novel GSTO1-1 inhibitors may hold promise in the treatment of NLRP3-mediated inflammatory diseases.
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Professor Luke O'Neill (laoneill@tcd.ie). Mutant plasmids were generated by site-directed mutagenesis, the sequences for which are available in Table S2 . All unique/stable reagents generated in this study are available from the Lead Contact without restriction.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
In vivo animal models Animal details All animal procedures were ethically approved by the Trinity College Dublin Animal Research Ethics Committee prior to experimentation, and conformed with the Directive 2010/63/EU of the European Parliament. Eight-to twelve-week old C57BL/6J (Harlan) and GSTO1-1 À/À mice on the C57BL/6J background were bred under specific pathogen-free conditions at Trinity Biomedical Science Institute animal facility. For the DSS study, GSTO1-1 À/À 129/SvEv-C57BL/6J mice were obtained from Taconic and were originally derived from 129S-5 ES cells and backcrossed to an albino C57BL/6J strain. GSTO1-1 À/À and wild-type mice that had been backcrossed to C57BL/6J mice from Charles River were much less sensitive to DSS and were not used in this study.
DSS-induced colitis model
Mice were treated with Azoxymethane (AOM) 7.5mg/kg ip.at day À3. On day 0, DSS 2.5% was included in drinking water. C1-27 was introduced by daily ip injection at a dose of 50mg/kg in 40% cyclodextrin from day À1 until day 7. Mice were sacrificed and samples collected on day 8.
Experimental autoimmune encephalomyelitis
To induce EAE, 6-8 week old female C57BL/6 mice received subcutaneous immunization with MOG 35-55 peptide (150mg/mouse) emulsified in complete Freund's adjuvant containing 4mg/mL heat-killed MTB. Mice were injected intraperitoneally with 200ng/mouse pertussis toxin on day 0 and day 2. Mice were injected daily with 50mg/kg C1-27 (40% cyclodextrin/PBS) intraperitoneally. Mice were weighed daily during the trial. EAE disease scores were recorded as follows: grade 0, normal; grade 1, limp tail; grade 2, wobbly gait; grade 3, hind limb weakness; grade 4, hind limb paralysis; and grade 5, tetraparalysis/death. In vitro models Culturing primary bone marrow-derived macrophages (BMDMs) Bone marrow was obtained by flushing the femur, tibia and hip bone of adult mice with a 25-gauge needle. The bone marrow was subsequently resuspended in red cell lysis buffer (Sigma) for 3 minutes before being centrifuged, resuspended, and passed through a 100 mm cell strainer. Cells were cultured in non-tissue culture treated 10cm dishes for 6 days in DMEM supplemented with FCS (10%), penicillin-streptomycin (1%) and L929 supernatant (10%). On day 6, cells were plated at 5x10 5 cells/mL unless otherwise stated. Peritoneal exudate cells were isolated by peritoneal cavity lavage with sterile PBS. Culturing HEK293T cells Cells were cultured in DMEM supplemented with FCS (10%) and penicillin-streptomycin. Culturing J774.A1 cells Cells were cultured in DMEM supplemented with FCS (10%) and penicillin-streptomycin.
METHOD DETAILS

Inflammasome assays
BMDMs were seeded at 5x10 5 cells/mL on 12-well plates and left overnight at 37 C in 5% CO 2 incubator. Cells were treated with LPS (100ng/mL) for 3h. After 3h, media was removed, cells washed with PBS and replaced with serum-free DMEM. The GSTO1-1 inhibitor C1-27 was added for 45min at a concentration of 5 mM unless otherwise stated. Cells were treated with ATP (5mM) or 10 mM Nigericin (10 mM) for 45min for NLRP3 inflammasome activation. Poly (dA:dT) (1 mg) was transfected into cells for 2h using Lipofectamine 2000 for activation of the AIM2 inflammasome. To assess NLRC4 inflammasome activation, Salmonella typhimurium UK1 was grown in LB broth at 37 C shaking overnight, and subsequently sub-cultured until OD1. Bacterial innocula were prepared by centrifugation and washed with PBS, followed by reconstitution in DMEM to M.O.I. 20 for an infection assay. On the day of the assay, BMDMs were treated with LPS (100ng/mL) for 3h. Medium was removed and replaced with serum free DMEM containing C1-27 for 45min followed by infection with S. typhimurium at M.O.I 20 for 15min. After 15min, gentamicin (50 mg/mL) was added to kill extracellular bacteria for a further 90min. For all assays 500 mL of supernatant was collected and stored for ELISA. The remaining supernatant was incubated with 5 mL of StrataClean Resin beads, briefly vortexed for 1min and centrifuged at 400 x g for 2 min at 4 C. The supernatant was removed, and beads were resuspended in 30 mL 5X sample loading buffer. Cells were lysed in 50 mL 5X sample loading buffer and analyzed by SDS-PAGE.
LPS Transfection
BMDMs were seeded at 5x10 5 cells/mL on 12-well plates and left overnight at 37 C in 5% CO 2 incubator. Cells were treated with LPS (100ng/mL) for 4h to induce caspase-11 expression. After 4h, medium was removed, and cells were washed with PBS. 1mL of complete medium was added to cells. 2 mL of LPS (1mg/mL) was added to 45.5 mL Opti-MEM medium and vortexed immediately. 2.5 mL RT FuGENE HD transfection reagent was added to the LPS/Opti-MEM, mixed gently and left for 10min RT. 50 mL was added per well and left for 16h before harvesting supernatant for ELISA and LDH assays.
LDH release assay
Supernatants harvested were assessed for LDH release following inflammasome activation. Lactate release was quantified using the Cytotox 96 non-radioactive cytotoxicity assay (Promega) according to manufacturer's instructions.
Immunoprecipitations
BMDMs were seeded at 1x10 6 cells/ml in 10cm dishes 12h-24h prior to treatment. HEK293T cells were seeded at 2.5x10 5 cells/mL in 10cm dishes for 24h-36h prior to transfection. In all cases, the amount of plasmid DNA was kept constant in each transfection by using the appropriate amount of empty vector control. 24h post transfection cells were washed with 5mL ice-cold PBS before being transferred directly to ice. Cells were harvested by lysis in 700 mL of low stringency lysis buffer (50mM HEPES pH 7.5, 100mM NaCl, 1mM EDTA, 10% glycerol, 0.5% Nonident P40 (NP-40), 1mM phenylmethylsulfonyl fluoride (PMSF), 11.5 mg/mL aprotinin, 1 mg/mL leupeptin and 1mM sodium orthovanadate) for 15min on ice. For non-reducing immunoprecipitations, N-ethylmaleimide (50mM) was added. Plates were scraped with a cell scraper and lysate transferred into microcentrifuge tubes. Tubes were centrifuged at 21380 x g for 10min at 4 C. Microcentrifuge tubes were prepared with 30 mL A/G bead slurry with 1 mg of the relevant antibody or IgG control. 650 mL of lysate was then incubated with antibody coated A/G beads for 2h rotating at 4 C. The remaining 50 mL of lysate was boiled with 10 mL 5X sample loading buffer with DTT. For non-reducing immunoprecipitations, DTT was omitted from sample loading buffer. After 2h, IP samples were centrifuged at 400 x g for 2min at 4 C, supernatant removed, and beads washed three times with 1mL low stringency lysis buffer. The immune complexes were eluted by addition of 50 mL 5X sample loading buffer, boiled for 5min (reducing) or heated at 50 C for 10min (non-reducing) and analyzed by SDS-PAGE.
RNA extraction and qPCR
Cell supernatant was removed, cells were washed with PBS and lysed in 350 mL lysis buffer (Ambion). The cell lysates were immediately frozen at À80 C and thawed gently prior to RNA extraction. Upon thawing, one volume 70% EtOH was added to allow for RNA precipitation before transferring to Ambion RNA spin columns. The purification was followed as per manufacturer's instructions. The eluted RNA was quantified using a Nanodrop 2000 micro-volume UV-vis spectrophotometer and each RNA sample was diluted to the lowest yield before reverse-transcriptase PCR.
Disuccinimidyl suberate crosslinking
BMDMs were seeded at 1.5x10 6 cells/mL in 6-well plates in technical duplicate and incubated at 37 C 5% CO 2 overnight. Cells were pre-treated with LPS (100ng/mL) for 3h. After 3h of LPS stimulation, media was removed and replaced with 1mL DMEM containing C1-27 for 45 min. After 45 min, cells were treated with ATP (5mM) for 45 min. Supernatant was removed and cells were washed twice with 200 mL ice cold HEPES (50mM). Cells were lysed on ice for 15min in 200 mL lysis solution (0.5% Triton X-100, 50mM HEPES, protease and phosphatase inhibitors). Duplicate samples were pooled and centrifuged at 6000 x g for 15 min at 4 C. The Triton X-100 soluble fraction (supernatant) was removed and stored at À20 C. The Triton X-100 insoluble fraction (pellet) was washed twice with HEPES (50mM) and centrifuged at 6000 x g for 15 min at 4 C. During the washing step, disuccinimidyl suberate-crosslinking buffer was made (50mM HEPES, 150mM NaCl pH 8). Disuccinimidyl suberate was allowed to reach RT prior to resuspension in anhydrous DMSO (54.3 mL DMSO to 2mg disuccinimidyl suberate for 100mM stock). The Triton X-100 insoluble pellet was resuspended in 490 mL disuccinimidyl suberate-crosslinking buffer and incubated with 10 mL rehydrated disuccinimidyl suberate (2mM final concentration), mixed immediately and incubated for 45min at 37 C. After 45min, samples were centrifuged at 6000 x g for 15 min at 4 C. The supernatant was removed gently, and the remaining disuccinimidyl suberate-crosslinked pellet was resuspended in 50 mL sample loading buffer containing DTT. Samples were analyzed by SDS-PAGE.
Confocal Microscopy
BMDMs were plated in 24-well plates at a density of 1x10 5 cells/mL on sterile 12mm cover glasses and left overnight at 37 C in 5% CO 2 incubator. Cells were primed with LPS (100ng/mL) for 3h, medium removed and treated with C1-27 for 45min. ATP (5mM) was added for 45min. Media was removed and cover glasses washed twice with PBS. Cells were fixed with 4% paraformaldehyde for 20min. Cover glasses were washed twice with PBS and permeabilized with 0.1% Triton X-100 for 25min. Cover glasses were washed twice with PBS and incubated with rabbit anti-ASC (1:100) overnight at 4 C. Cover glasses were washed with PBS for 20min and incubated with anti-rabbit Alexa Fluor 647 for 2h at RT. Cover glasses were washed twice with PBS for 20min, removed and mounted on 3 mL ProLong Gold antifade reagent with DAPI. Cover glasses were sealed with clear nail polish overnight at RT. A minimum of three images were taken from each sample for analysis. Images were acquired on a Leica SP8 scanning confocal microscope (Leica Microsystems) at x 20 magnification. For quantification of ASC speck positive cells, a minimum of 11 random regions of interest for each experimental condition were imaged and the number of ASC speck-positive cells were counted.
Colon organ culture
Colonic cytokine production was measured in supernatants from ex vivo organ culture. Distal colon segments (1 cm) were cut longitudinally and washed in ice cold PBS with penicillin (50 mg/mL), streptomycin sulfate (50 mg/mL), and neomycin sulfate (100 mg/mL) (Invitrogen). After washing, the wet weight of each sample was recorded. Each segment was cultured in 48-well culture plates with 350 mL serum-free RPMI-1640 medium supplemented with antibiotics for 24h in a humidified atmosphere of 5% CO 2 at 37 C. The supernatants were collected by centrifugation at 13,400 3 g and 4 C for 3 min to remove tissue debris and then stored at À80 C until analyzed.
Histological Analysis
For histological analysis the colon was opened longitudinally and fixed in 10% buffered formalin. A roll of the organ was made to allow orientated histological assessment of the colon including the rectum. Following routine laboratory processing hematoxylin and eosin stained sections of the paraffin embedded tissues were prepared. The tissue was analyzed by a specialist Anatomical Pathologist (JED) in a blinded fashion. The criteria used for grading of inflammation have been previously described (Mladenova et al., 2011) . Criteria used to grade inflammation included the presence of inflammatory cells in the mucosa and lamina propria, structural changes in the crypt architecture and expansion of the lamina propria.
Endogenous knockdown of GSTO1-1 BMDMs were seeded at 5x10 5 cells/mL on 12-well plates and left overnight at 37 C in 5% CO 2 incubator. Cell medium was removed, and cells were washed briefly with PBS. 500 mL Opti-MEM reduced serum medium was added to cells. Scramble siRNA or GSTO1-1 siRNA was incubated with 5 mL RNAiMAX Lipofectamine reagent in 500 mL Opti-MEM for 10min. After incubation, 500 mL siRNA-lipofectamine mix was added to cells to yield 1mL of Opti-MEM medium containing 20nmol siRNA final concentration. Cells were left for 36h-48h before treatment.
NEK7 Expression and purification
The codon-optimized NEK7 gene construct was synthesized and cloned into p J411KanR (ATUM). The construct was overexpressed as an N-terminal His 6 tag fusion protein in E. coli BL21(DE3) (Novagen) at 18 C following induction with 0.5 mM IPTG. The cells were resuspended in sodium phosphate buffer (pH 7.0) (50 mM), NaCl (500 mM), 0.5% Triton X-100, b-ME (3 mM) and imidazole (Buffer
